Seven genes in S. cerevisiae are predicted to code for membrane-spanning proteins (designated AVT1-7) that are related to the neuronal GABA-glycine vesicular transporters. We have now demonstrated that four of these proteins mediate amino acid transport in vacuoles. One protein, AVT1, is required for the vacuolar uptake of large neutral amino acids including tyrosine, glutamine, asparagine, isoleucine, and leucine. and AVT4, is similar in terms of substrate specificity to transport system h described in mammalian lysosomes and melanosomes. These findings suggest that yeast AVT transporter function has been conserved to control amino acid flux in vacuolar-like organelles.
INTRODUCTION
C. elegans UNC-47 (1) and the vertebrate homologues from rat (VGAT, 1) and mouse (VIAAT, 2) are synaptic vesicular transporters that are expressed exclusively in inhibitory neurons (see also 3) and are specific for the neurotransmitters γ-aminobutyric acid (GABA) and glycine. These proteins differ in sequence, structure and bioenergetics, from the previously characterized family of vesicular transporters that package monoamines and acetylcholine (for current reviews see 4, 5) . Common to all of these transporters is that the movement of substrate from the cytosol into synaptic vesicles is driven by a proton electrochemical gradient that is generated by the action of a vacuolartype H + -ATPase and involves the exchange of lumenal protons.
A search for other vertebrate proteins related to the GABA-glycine vesicular transporters has led recently to the isolation and expression of cDNAs that, surprisingly, code for Na + -coupled plasma membrane carriers. The system N transporters from rat (SN1, 6) and mouse (NAT1, 7) are expressed in the liver, kidney, heart, and within brain astrocytes and are specific for glutamine, histidine, and to a lesser degree asparagine.
Amino acid transport by these proteins is unique in that it also involves an exchange of protons (6, 8) , the mechanism utilized by vesicular neurotransmitter transporters. In addition, two transporters with approximately 50% identity to SN1/NAT1 have now been identified and categorized as system A due to their ability to transport α−methylaminoisobutyric acid (MeAIB) (9, 10, 11, 12) . One protein (termed SA1, ATA2, or SAT2) is expressed in most tissues and, compared to system N, has a wider substrate specificity that includes glutamine as well as most of the smaller neutral amino acids. The second system A carrier, referred to as GlnT, transports a similar set of amino acids but is by guest on http://www.jbc.org/ Downloaded from 4 highly expressed in the brain, specifically within neurons that release the excitatory neurotransmitter glutamate (11) .
Other characterized members of this growing protein family include the group of plant amino acid/auxin permeases of which 12 proteins have now been identified in Arabidopsis thaliana (13) . These permeases actively transport amino acids into the plant cell and presumably utilize an amino acid/H + symport mechanism.
The vacuole of S. cerevisiae is a highly complex organelle that is involved in both the enzymatic degradation of proteins as well as the homeostatic control of a vast assortment of solutes including ions and amino acids (for a review, see 14) . Like synaptic vesicles, vacuoles maintain an acidic internal environment through the action of a vacuolar type H + -ATPase that generates a proton electrochemical gradient of 180 mV (∆pH of 1.7 units) across the vacuolar membrane (15) . In mammals, the equivalent to vacuoles and the major site for protein degradation is the lysosome. Both organelles support a variety of carrier-mediated transport systems, many of which rely on the imposed pH gradient as a driving force. Although several amino acid transport systems have been described in purified vacuoles (16) (17) (18) and lysosomes (for a review, see 19) , the proteins responsible for these activities have yet to be identified. Along with VGAT and its orthologues, the yeast AVT proteins belong to a large family of proteins which includes the amino acid/auxin permease (AAAP) family of plants (13), approximately 12 other predicted ORFS from both C. elegans and Drosophila, and the mammalian system A and system N Na 
The AVT Genes are Not Involved in GABA Metabolism or the Vacuolar Accumulation
of Basic Amino Acids-The identification of several genes closely related to the GABA vesicular transporters was interesting given that many proteins in S. cerevisiae, including UGA4, a GABA-specific permease (22) , are involved in the use of GABA as a nitrogen source. To investigate the potential role of the AVT genes in GABA flux and to establish a genetic system to study AVT protein function we decided to test strains carrying deleted AVT genes for GABA-specific growth defects. Preliminary knockout experiments in diploid strains followed by sporulation and tetrad analysis indicated that the AVT genes were not essential for growth. This allowed the creation, by direct transformation (see Experimental Procedures for details), of a variety of isogenic haploid strains carrying both the single and multiple gene deletions shown in Table 1 . We tested these strains for their ability to grow on 1 mM GABA as the sole nitrogen source and found no discernible difference to wild type. Furthermore, we disrupted the UGA1 gene (23), coding for GABA transaminase which converts GABA to glutamate, in each of the single AVT deletion strains and observed no differential growth on YPD medium containing high levels (50mM) of GABA compared to the ∆uga1 strain alone. Finally, we have observed that GABA is not actively taken up by purified yeast vacuoles, even at high (500 µM) concentrations ( Fig. 2A, see below) .
Seven amino acid uptake systems have been described in yeast vacuoles (16) (17) (18) , including three that are specific for basic amino acids, the most abundant amino acids found in this organelle (24, 25) . To determine if any of the AVT proteins were involved in these processes, we tested vacuoles purified from the created ∆avt strains for the 9 uptake of radiolabeled amino acids. Shown in Fig. 2A is the ATP-dependent uptake of lysine (10-fold) and arginine (5-fold) in 4 min by vacuoles purified from wild type yeast. 
AVT1, AVT3, and AVT4 are Involved in the Bidirectional Movement of Large Neutral
Amino Acids Across the Vacuolar Membrane-Distinct transport systems have also been described for tyrosine, glutamine/asparagine, isoleucine/leucine, and phenylalanine/tryptophan (17) . Like lysine, tyrosine was also concentrated approximately 10-fold in the presence of ATP (Fig. 3B ). This uptake was decreased dramatically in the presence of nigericin and was not further reduced by the addition of valinomycin, a K + ionophore that would dissipate any remaining electrical gradients (data not shown). Our first indication that some of the AVT proteins might be involved in vacuolar amino acid transport came from the observation that tyrosine uptake was completely eliminated in the ∆avt1 mutant (Fig. 3B ) while high lysine activity was retained (Fig. 3A) . Although tyrosine uptake was shown to be blocked in these vacuoles in vitro, high levels of tyrosine (0.5 mM and 5 mM) were not toxic to the ∆avt1 strain (data not shown).
Surprisingly, AVT1 was also required for the active uptake of both glutamine and isoleucine, previously thought to be transported by separate carriers. The accumulation of 10 these amino acids was reduced approximately 5-fold (Fig. 4A ) and 8-fold (Fig. 4B) , respectively, in vacuoles purified from ∆avt1 compared to wild type.
Further testing of vacuoles purified from the other AVT deletion strains resulted in the finding that large neutral amino acids could accumulate more rapidly and to higher levels when compared to wild type. As shown in Fig. 4 , tyrosine, glutamine, and isoleucine uptake were all increased in the ∆avt3, ∆avt4 double mutant. The effect was more dramatic for tyrosine and isoleucine (greater than 2-fold) but was also significant for glutamine. One interpretation of these observations was that there exists an activity that exports these amino acids to the outside. Thus, AVT3 and AVT4, which share approximately 40% sequence identity, appear to act synergistically in this process since single mutants had only partial phenotypes (Fig. 4) . We note that for each amino acid, the removal of AVT4 appeared to have a more pronounced effect and, in fact, the uptake of isoleucine was unaltered in vacuoles purified from ∆avt3. We conclude from these observations that AVT4 may be a more efficient transporter than AVT3 under the given in vitro assay conditions. One possibility is that AVT4 possesses a higher affinity for the various substrates. As expected, the accumulation of large neutral amino acids in the ∆avt3, ∆avt4 double mutant was completely eliminated with the further removal of AVT1 (∆avt1, ∆avt3, ∆avt4 triple mutant, data not shown).
Sato et al. (17) observed that unlabeled tryptophan or phenylalanine did not compete with tyrosine or leucine for vacuolar uptake and therefore, must be actively transported by a protein(s) other than AVT1. In our hands, uptake assays with [3H]tryptophan appeared to result in some degree of vacuolar accumulation but over very high background levels due to non-specific filter binding (data not shown). This has made it difficult to adequately interpret the data and to assess relatively small strain-specific differences. However, we have routinely observed a lack of ATP-dependent tryptophan uptake in vacuoles isolated from ∆avt1 but cannot yet offer an explanation for this apparent discrepancy with the previously published competition studies.
Previous reports (16, 17) have also shown that many amino acids, including methionine, serine, glycine, cysteine, proline, valine, threonine, and alanine are not actively taken up by vacuoles in vitro. With the discovery that the inactivation of the amino acid effluxers AVT3 and AVT4 resulted in the higher accumulation of some neutral amino acids, we re-tested glycine and proline in ∆avt3, ∆avt4 vacuoles and observed no ATP-dependent uptake (data not shown).
AVT6 is Required for the Efflux of Glutamate and Aspartate-Vacuoles purified from
wild type cells accumulated less glutamate and aspartate in the presence of ATP (Fig. 5A , 5B). As could be demonstrated for amino acid uptake, this apparent ATP-dependent efflux of acidic amino acids was sensitive to nigericin. To distinguish between efflux, the actual displacement of substrate from the lumen of the vacuole to the outside or an alternative phenomenon such as decreased inward diffusion when a proton electrochemical gradient was imposed on the system, we carried out the assays shown in Consistent with an active efflux mechanism, glutamate levels decreased steadily in the presence of ATP alone. Again, efflux was not observed in the presence of nigericin (Fig.   6A ) nor from vacuoles prepared from the ∆avt6 mutant (Fig. 6B, see below) .
We further tested various AVT deletion strains for ATP-dependent efflux of either glutamate (Fig. 6C) or aspartate ( Fig. 6C ) and observed that both activities were lost only in vacuoles purified from ∆avt6. Even though AVT5 and AVT7 are 50% and 35% 12 identical, respectively, to AVT6, wild type activity was retained in the ∆avt5 and ∆avt7 mutant strains. In addition, glutamate and aspartate levels were not further altered in a ∆avt5, ∆avt6 double mutant (Fig. 6 ) or a ∆avt5, ∆avt6, ∆avt7 triple mutant (data not shown). The potential inability of the ∆avt5, ∆avt6 mutant strain to pump acidic amino acids from vacuoles in vivo did not alter its growth (data not shown) on medium containing high glutamate (0.5 M, pH 7.0). 
Localization of AVT2 and AVT7 by Indirect Immunofluorescence-We

DISCUSSION
In this study we have described a variety of vacuolar amino acid transport activities that can be attributed to members of the AVT protein family of S. cerevisiae (see Table 2 for summary). These observations are consistent with the known homology of these proteins to other amino acid transporters found in organisms ranging from plants to Other than the use of amino acids as substrates, it is difficult to categorize the UNC-47 family of transporters in terms of energetics, cellular localization, or specificity. Like the GABA-specific vesicular transporters, AVT1 is associated with an acidic cellular compartment whose outwardly directed pH gradient is used to drive amino acid uptake.
This type of amino acid/H + antiport mechanism is also thought to exist for the vertebrate system N transporter SN1/NAT1, a glutamine/histidine transporter (actually more closely 14 related to AVT2, see Fig. 1A ) that resides in plasma membranes and requires, in addition, Na + cotransport (6, 8) . Amino acid transport by the related system A is sensitive to pH, but it is not known whether proton transport is required for function (9, 11) .
In the case of AVT6 function, transport of acidic amino acids out of the vacuole likely involves the cotransport of protons. This mechanism is also used by plasma membrane transporters from both the related family of plant amino acid/auxin permeases (13) as well as the large unrelated major facilitator superfamily of amino acid permeases from bacteria and yeast (26) . Interestingly, one of the latter transporters from S.
cerevisiae, DIP5 (27) has the same specificity as AVT6 as it mediates the high-affinity transport of glutamate and aspartate into the cell. Both transporters contain 10-11 TMDs and possess the same specificity and general mode of action. Despite this, they lack any sequence similarity, perhaps indicative of the fact that they occupy unique cellular environments. On the other hand, AVT5 and AVT7 are closely related to AVT6 (50% and 35% identity, respectively) and, in the case of AVT7 at least, appear to be localized to vacuoles based on immunofluorescence studies (see Results). Nonetheless, we have been unable to detect any acidic amino acid transport functions attributable to these proteins. For AVT5 and AVT7, as well as AVT2, it is possible that these proteins transport other organic compounds or that these proteins require additional cofactors that were not included in the standard conditions used throughout this study.
Both AVT3 and AVT4 are involved in amino acid efflux, with ligand specificities that appear identical to AVT1. Thus vacuoles deficient for AVT3 and AVT4 accumulate to elevated levels those amino acids that are actively taken up by AVT1. These include aromatic neutral compounds such as tyrosine and other neutral amino acids with bulky side chains such as isoleucine and glutamine. It is likely that tryptophan, another neutral 15 aromatic amino acid, is also imported by AVT1 (see Results section) and, therefore, may also be a substrate for AVT3 or AVT4. The carrier-mediated transport of a similar set of amino acids, referred to as system h, has been described in lysosomes isolated from rat FRTL-5 thyroid cells (28) In terms of their mechanism of action, we have been unable to ascertain whether amino acid transport by AVT3 and/or AVT4 requires a proton motive force or any other type of electrochemical gradient. To address this problem, we have carried out experiments using ∆avt1 vacuoles that do not actively take up glutamine or isoleucine.
Although it could be demonstrated that these amino acids are exported from pre-loaded vacuoles in an ATP-dependent manner, this process, in contrast to AVT6 efflux, was resistant to both nigericin and valinomycin. More importantly, a similar activity was also detected in vacuoles that were lacking AVT3 and AVT4 and, therefore, cannot be attributed to these proteins. The inability, thus far, to detect specific efflux under these conditions may mean that AVT3 and AVT4 are active only at the higher internal amino acid concentrations that exist when AVT1 is active. Alternatively, we cannot entirely rule out the possibility that AVT3 and AVT4 are negative modulators of AVT1 function. Table 2 Sato et al. (17) have shown that asparagine and glutamine, leucine and isoleucine utilize the same vacuolar uptake system.
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